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Introduction
The vertebrate inner ear has emerged as a fascinating model system for exploring how cell fate is controlled spatially and temporally during development. The vertebrate ear, which is often called a labyrinth owing to its interconnected and spatially complex system of fluid-filled ducts and chambers, produces at least six different sensory organs precisely positioned in space ( Fig. 1 ) that mediate different aspects of hearing and balance. Angular acceleration is detected by three sensory organs called cristae that detect fluid motion in the three orthogonal semicircular canals (see Glossary, Box 1). Additional sensory organs, the maculae (see Glossary, Box 1), detect linear acceleration due to gravity. Finally, the organ of Corti (see Glossary, Box 1; also known as the papilla in nonmammals), is suspended across the cochlea (see Glossary, Box 1) and is specialized for hearing. The inner ear also generates its own population of neurons that innervate these sensory organs in a topographically precise fashion.
The fate decisions that establish the sensory and nonsensory regions of the ear begin at an early stage of development, when the ear consists of a simple epithelial sphere termed the otocyst (see Glossary, Box 1). Evidence has emerged in the past few years that a variety of known signaling molecules, such as fibroblast growth factors (FGFs), Wnts, bone morphogenetic proteins (BMPs), sonic hedgehog (Shh) and retinoids, are deployed at different times and places to regulate differentiation of the inner ear. The expression of, or response to, some of these secreted molecules appears to occur in gradients, suggesting that they might function as classical morphogens (see Box 2), although definitive evidence that they do signaling was inhibited in the OEPD by conditional deletion of -catenin or by overexpression of secreted Wnt inhibitors, revealed a substantial reduction in otic fate and an expansion of markers for the epidermal/epibranchial region (Freter et al., 2008; Ohyama et al., 2006) . Conversely, gain-of-function studies, in which Wnt signaling was constitutively activated throughout the OEPD, demonstrated an expansion in otic fate at the expense of epidermis (Freter et al., 2008; Ohyama et al., 2006) . Together, these studies support a model in which graded Wnt signals subdivide the OEPD into otic and non-otic territories.
The occurrence of gradients of cell signaling molecules in many developing systems raises the question of how cells translate a continuously varying, or 'analog', signal into distinct 'digital' cell fates. In the case of the otic-epidermal fate choice in the OEPD, at least two different strategies are used to convert the Wnt gradient into otic and non-otic fates. First, the Notch signaling pathway is deployed to further amplify Wnt signaling in future otic regions, but not in non-otic regions. This is achieved by high levels of Wnt signaling that upregulate components of the Notch signaling pathway, such as the Notch ligand Jag1 (Jayasena et al., 2008) . Jag1 signaling through the Notch1 receptor feeds back to augment Wnt signaling in these regions, but not in regions receiving low levels of Wnt signaling where Jag1 is not activated. Thus, a smooth gradient of Wnt signaling is turned into a discontinuous pattern, with high Wnt/high Notch signaling regions differentiating into otic tissue and low Wnt/low Notch signaling regions differentiating into epidermis (Fig. 2) .
A second system that acts early in ear induction uses negative feedback from FGF signaling to distinguish between otic and nonotic fates (Fig. 1) . Differentiating otic placode tissue rapidly upregulates negative regulators of the FGF signaling pathway, such as Sprouty (Spry) genes and the dual-specificity ERK phosphatase MKP3 (Dusp6) (Chambers and Mason, 2000; Urness et al., 2008) . This rapid attenuation of FGF signaling is required for the subsequent differentiation of otic tissue, as forced activation of FGF signaling in the OEPD blocks the appearance of later otic markers (Freter et al., 2008) . Moreover, combined loss of mouse Spry1 and Spry2 leads to alterations in placode size (Mahoney Rogers et al., 2011) . By contrast, the epidermal/epibranchial region of OEPD does not express FGF inhibitors such as the Sprouty genes (Mahoney Rogers et al., 2011) , and sustained FGF signaling in this region is compatible with differentiation into epidermis and epibranchial ganglia (Freter et al., 2008) . Together, these two feedback and amplification systems partition the OEPD into a The orthogonal placement of semicircular canals dorsally is a shared feature of inner ears, although basal vertebrates such as lampreys have two, rather than the full complement of three, canals (not shown). At the end of each canal is an enlarged space, the ampulla (a). The endolymphatic duct projects dorsally and enlarges into a sac (shown only for mouse). Vestibular macular sensory organs are located in the utricle (utr), saccule (sac) and lagena (lag), although in fish the saccular macula has been co-opted to sense sound. In all species, the ventral ear houses a hearing organ, with frequency sensitivity that varies systematically along its length. In mammals, hearing is subserved by the organ of Corti located in the coiled cochlea. In archosaurs, lizards and amphibians, elongated sensory organs called papillae have evolved to sense hearing. REVIEW Development 139 (2) future otic region (high Wnt, high Notch, low FGF signaling) and a future epidermal and epibranchial region (low Wnt, low Notch and high FGF signaling).
Setting up the cardinal axes of the inner ear
The inner ear has an elaborate morphology with clear polarity in all three axes (Fig. 1) , and much evidence suggests that this polarity begins to be established early in ear development. After the otic placode has been induced it undergoes invagination (in amniotes) or cavitation (in fish) to form a spherical otocyst. At this stage, asymmetries in gene expression can already be observed in the otocyst (Brigande et al., 2000; Fekete and Wu, 2002) . For example, the production of auditory and vestibular neurons tends to occur in ventral and anterior regions of the ear and is preceded by the expression of proneural genes such as Ngn1 in the anteroventral otocyst (Raft et al., 2004) . However, these early gene expression patterns show considerable plasticity, and rotation of the otocyst about one of its three axes is capable of reprogramming these expression patterns (Bok et al., 2011; Wu et al., 1998) . Over time, the three axes of the ear become firmly established and can no longer be respecified by surgical manipulation. The fixing of each axis occurs at different times, with AP fates becoming permanent before dorsal-ventral (DV) fates , suggesting that different signals might be involved in the specification of each axis.
DV patterning of the inner ear primordium
The amniote inner ear has an obvious DV polarity, with the vestibular apparatus (see Glossary, Box 1) located dorsally and the sound-detecting cochlea emerging as a ventral protrusion of the otocyst ( Fig. 1 and Fig. 4) . A number of studies in the 1930s and 1940s showed that this basic DV pattern could be disrupted by manipulating the hindbrain, suggesting that signals from the neural tube might specify this axis of the inner ear (reviewed by Groves, 2005) . Subsequent investigations of mouse mutants with hindbrain defects (such as the Kreisler mouse) (Choo et al., 2006; Deol, 1964; McKay et al., 1996) confirmed this idea. The discovery that signals from the notochord and ventral neural tube impart DV patterning information to the central nervous system (van Straaten et al., 1989) led to the proposition that similar signals might be used to pattern the otic vesicle, which develops next to the hindbrain (Fekete, 1996) . The first confirmation of this idea was provided by Giraldez (Giraldez, 1998) , who showed that neural tube signals are required for the proper regional expression of the Lim homeobox transcription factor Lmx1 in the dorsal and lateral regions of the otocyst. Specific surgical ablation or rotation of the notochord and ventral neural tube have also demonstrated that signals from these ventral structures are necessary for ventral patterning of the chick otocyst and can imbue dorsal ear tissue with ventral identity (Bok et al., 2005; Liang et al., 2010) . Shh produced by the notochord and floor plate acts as a morphogen to pattern the DV neural tube (Dessaud et al., 2008) , and this diffusible signal also acts directly on the developing amniote otocyst to confer DV patterning (Riccomagno et al., 2002; Bok et al., 2007b; Whitfield and Hammond, 2007) . Shh effectors, such as the Gli transcription factor family, and direct targets of Shh signaling, such as the Shh receptor patched 1 (Ptc1, or Ptch1), are expressed in the otocyst epithelium in a dorsal-to-ventral gradient, indicative of a graded response to Shh (Bok et al., 2007c; Brown and Epstein, 2011) . Perturbation of Shh signaling with antibodies or in Shh mutant mice leads to a loss or reduction of transcription factors expressed in the ventral regions of the otocyst with a Box 1. Glossary Basilar membrane. The thin and mechanically sensitive membrane that is suspended across the fluid-filled cochlear duct and runs along its length. The membrane vibrates in response to sound waves impinging on the fluid compartments of the cochlear duct. Cochlea. The portion of the inner ear that is responsible for the detection of sound waves in amniotes. It forms as a fluid-filled epithelial tube emanating from the ventral portion of the otocyst. Crista. One of three sensory organs of the vestibular system responsible for detecting angular acceleration in response to motion of fluid in the semicircular canals. The three cristae are oriented at right angles to each other and reside within epithelium-lined chambers called ampullae. Endolymphatic duct. A portion of the vestibular apparatus that connects an endolymph-filled sac to the rest of the inner ear. Endolymph is the specialized, potassium-rich fluid that fills the inner ear. Epibranchial placodes and ganglia. Ectodermal patches that will differentiate into ganglia responsible for mediating a variety of sensory modalities in the head, such as taste, touch, blood pressure, oxygen tension and pH. Kölliker's organ. A nonsensory region of the cochlear duct lying adjacent to the organ of Corti that will ultimately give rise to the nonsensory inner sulcus. This region is sometimes referred to as the neural side of the cochlear duct, as it is located closest to the spiral (VIIIth) cranial ganglion that innervates cochlear hair cells. Macula. A sensory organ of the vestibular apparatus usually specialized for detecting acceleration due to gravity. Two maculae are oriented at right angles to each other in epithelium-lined chambers called the utricle and saccule. Neural plate. The primordium of the neural tube and future spinal cord and brain. It is derived from embryonic ectoderm. Organ of Corti. A region of sensory tissue located on the basilar membrane that contains the sensory hair cells responsible for detecting sound. Otic placode. The primordium of the inner ear, composed of a pseudostratified epithelium that remains thick as the epithelium surrounding it begins to thin. It is derived from cranial embryonic ectoderm and will either invaginate or cavitate after induction to form the otocyst. Otocyst. The sphere of epithelial cells derived from the otic placode, and from which the sensory ganglion neurons and the entire endolymph compartment of the inner ear will derive. Otolith or otoconial membrane. A dense aggregation of protein and calcified material that lies above macular organs and provides inertial mass on which gravitational or acceleration forces can act to stimulate vestibular hair cells. A single stone, called the otolith, is found above each macular organ in fish, whereas a suspension of otoconial crystals embedded in a protein matrix is suspended above the maculae in frogs, birds and mammals. Outer sulcus. A nonsensory region of the cochlear duct lying adjacent to the organ of Corti. This region is sometimes referred to as the abneural side of the cochlear duct, as it is located furthest away from the spiral (VIIIth) cranial ganglion that innervates cochlear hair cells. Rhombomere. A segmented division of the embryonic hindbrain, delineated first by unique segmental patterns of gene expression and later by distinct anatomical boundaries and nerve fiber tracts. The hindbrain typically contains eight rhombomeres, and the inner ear arises in the vicinity of rhombomeres 4-6, depending on the species.
Saccule. An epithelial out-pocketing of the inner ear containing one of the sensory maculae responsible for detecting gravitational acceleration. See also utricle. Semicircular canal. One of three fluid-filled toroidal-shaped ducts that terminate at one end in an enlargement called the ampulla, which houses a sensory organ known as a crista. Motion of fluid in the canal in response to angular acceleration stimulates sensory hair cells in the associated crista.
Utricle. An epithelial out-pocketing of the inner ear containing one of the sensory maculae responsible for detecting gravitational acceleration. See also saccule. Vestibular apparatus. The portion of the inner ear responsible for detecting gravity and angular acceleration.
concomitant (but not complete) expansion of dorsal markers, and this loss of ventral patterning information is translated into a loss or reduction of ventral structures, including the cochlea and cochleovestibular ganglion (Bok et al., 2005; Riccomagno et al., 2002) . Conversely, the Shh P1 transgenic mouse line, in which Shh is aberrantly expressed in the dorsal half of the otocyst, shows a loss of dorsal vestibular structures and an upregulation of ventral Shh targets in the dorsal otocyst (Riccomagno et al., 2002) .
The Gli family of zinc-finger transcription factors comprises known downstream effectors of Shh signaling (Ruiz i Altaba et al., 2002) , and their graded activity is required for a dose-dependent transduction of Shh in the spinal cord (Dessaud et al., 2008) . Both Gli1 and Gli2 typically act as transcriptional activators. By contrast, Gli3 is cleaved in the absence of Shh signaling to release an N-terminal domain (GliR) that actively represses Shh targets. In the presence of Shh signals, Gli3 remains stable and uncleaved (GliA) and directly activates Shh targets (Wang et al., 2000) . This suggests a model in which a graded increase in Shh signaling gradually inhibits GliR activity and then progressively increases GliA function. The amount of Shh signal a given cell receives within an Shh gradient can thus be thought of as the net output of activator and repressor Gli protein activity. The most distal (i.e. most ventral) region of the cochlear duct requires Gli activator function, as it fails to form in Gli2 -/-;Gli3 -/-mutants or in the Gli3D699 mutant, which only expresses the N-terminal repressor fragment of Gli3 (Bok et al., 2007c) . More proximal regions of the cochlear duct and the saccule (see Glossary, Box 1), which is the most ventrally located part of the vestibular system in mammals, are located further from the midline source of Shh and are assumed to require lower levels of Shh signaling for their formation, which would arise from a balance of Gli activator and repressor activities. Accordingly, the proximal cochlear duct and saccule are missing in Shh mutants (which lack Gli activator function but possess expanded Gli3 repressor function), but are restored in Shh -/-;Gli3 -/-mice (which lack both Gli activator and Gli3 repressor function) (Bok et al., 2007c) . Finally, Gli3 -/-mice (in which Gli3 activator function is compensated for by Gli2 and Gli1, but which lack any Gli3 repressor activity) have malformed dorsal structures, suggesting a requirement for a precise level of Gli3 repressor activity (Bok et al., 2007c) . Together, these observations demonstrate that the smooth Shh signaling gradient in the ear is not interpreted by a correspondingly smooth response of a single transcription factor, but rather by competing activating and repressive transcriptional mechanisms (Fig. 3) . The importance of repressing hedgehog (Hh) signaling for the development of dorsal otic structures was recently confirmed by studies in zebrafish. The fish inner ear contains all the components of the vestibular system present in amniotes, but lacks a cochlea. Hammond and colleagues characterized a series of mutants of different inhibitors of the Hh pathway -ptc1, ptc2, suppressor of fused (sufu), DAZ-interacting protein 1 (dzip1) and hedgehoginteracting protein (hhip). Combinations of these mutant genes yield embryos with progressively stronger Hh signaling in the dorsal otocyst (Hammond et al., 2010) . Markers of the dorsal and lateral otocyst were progressively reduced with increased Hh signaling, whereas ventral and medial markers became progressively expanded. This gradual change in otic patterning was reflected in a gradual reduction or loss of dorsal and lateral structures, including the cristae, semicircular canal pillars and the endolymphatic duct (see Glossary, Box 1).
It should be stressed that both the mouse and fish Hh signaling pathway loss-of-function studies involved manipulations that affect the entire embryo, not just the inner ear. Since Hh signaling is known to influence DV patterning of both neural and mesenchymal tissue (Chiang et al., 1996; Fan et al., 1995) , it is formally possible that Shh is regulating inner ear DV patterning through both direct effects on the otic epithelium and indirect effects on the patterning of tissues adjacent to the otocyst. A recent study in which the Shh receptor smoothened (Smo) was conditionally inactivated in the otocyst suggests that both mechanisms pattern the otocyst (Brown and Epstein, 2011) . In Smo conditional mouse mutants, the ventral inner ear (cochlea and saccule) is absent, but dorsal components of the inner ear (semicircular canal, endolymphatic duct, cristae and utricle; see Glossary, Box 1) develop normally. These changes are preceded by earlier patterning alterations in the otocyst. These data suggest that Shh acts on the ventral otocyst directly to regulate cochlear development, and that dorsal development can be regulated by signals from tissues adjacent to the otocyst that require Shh signaling for their normal development.
Just as in the spinal cord, the ventralizing effects of Shh are complemented by dorsalizing signals, again located in the midline. Wnt reporter mice have revealed that the initial mediolateral gradient of Wnt signaling seen in the otic placode, which is likely to be due to Wnt8 in the hindbrain (Urness et al., 2010) or Wnt6 at the hindbrain/placode boundary (Jayasena et al., 2008) , is preserved as a DV gradient as the placode invaginates and closes to form the otocyst (Ohyama et al., 2006; Riccomagno et al., 2005) . At this stage, both Wnt1 and Wnt3a are also expressed in the dorsal region of the neural tube (Riccomagno et al., 2005) (Fig. 3) . Mouse mutants of either gene develop normal inner ears, but Wnt1;Wnt3a double mutants completely lack dorsal inner ear structures and the remaining cochlea is a severely malformed stub (Riccomagno et al., 2005) . Accordingly, some dorsal otocyst markers are absent from Wnt1;Wnt3a double-mutant ears. Activation of Wnt signaling in explanted otocysts causes many dorsal markers to expand ventrally, and these same markers are reduced by ablation of the dorsal neural tube (Riccomagno et al., 2005) .
It is tempting to suggest a simple model of DV patterning of the inner ear in which opposing gradients of Shh and Wnt signaling regulate the spatial localization of transcription factors, ultimately leading to the differentiation of a correctly patterned inner ear. In reality, however, the picture is more complicated, and much evidence suggests that Wnt and Shh signals regulate different inner
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Development 139 (2) Box 2. Secreted signals as potential morphogens A hallmark of a morphogen is that it is distributed as a spatial gradient across a field of equipotential cells to endow the cells with positional information. Exposure to specific concentrations of the morphogen (thresholds) can instruct a subset of cells to change their fates. Often, the readout of a fate change is evident by a relatively abrupt variation in gene expression. In this way, an embryonic field can be segregated into discrete subdomains. Morphogens can arise as point sources (such as in the center of a field) or as line sources (at the edge of a field or compartment) to influence patterning and cell fates. Diffusible morphogens typically act over distances not exceeding a few hundred microns, which may be the theoretical limit of morphogen action (Lander et al., 2009) . A spatial gradient can also function as a vector to polarize cells towards or away from a morphogen source. Finally, spatial molecular gradients may be directly responsible for systematic but gradual changes in structural properties across a field of cells. The frequency axis of the vertebrate cochlea might offer one of the most striking examples of such a pattern. REVIEW Development 139 (2) ear genes in different ways. For example, although markers of the dorsal otocyst such as Dlx5 are expanded ventrally in Shh mutants, these markers rarely expand to occupy the entire otocyst, and the inner ear never becomes completely dorsalized (Riccomagno et al., 2002) . Conversely, ventral markers of the otocyst, such as Pax2 and Otx2, do not expand dorsally in the otocysts of Wnt1;Wnt3a double mutants (Riccomagno et al., 2005) . Some markers of the dorsal and dorsolateral regions of the otocyst, such as Wnt2b and Hmx3, respectively, are generally unaffected in Shh mutants or Wnt1;Wnt3a double mutants, or in tissues in which Wnt signaling has been constitutively activated (Ohyama et al., 2006; Riccomagno et al., 2002; Riccomagno et al., 2005) , suggesting that they are regulated by signals other than Wnts and Shh. The ventral marker Six1 is also unaffected by loss of Shh signals, despite the fact that Six1 mutants share some phenotypic similarities with Shh mutants (Ozaki et al., 2004; Zheng et al., 2003) .
Such evidence suggests that other signaling pathways also impart DV patterning information to the inner ear independently of Wnt and Shh. Among the candidates are BMPs, which are also expressed in the dorsal midline and serve to pattern the dorsal neural tube. At present, there is limited evidence to suggest that a gradient of BMP signaling patterns the inner ear at the otocyst stage, although Lmx1b appears to be positively regulated by BMP4 or BMP7 (Abello et al., 2010) . Furthermore, as Bmp4 is itself expressed in many differentiating sensory patches in the ear, and as Bmp2 is expressed in semicircular canal primordia (Chang et al., 2004; Morsli et al., 1998; Wu and Oh, 1996) , it is hard to separate an extrinsic role of BMPs in early ear axial patterning from that of BMPs expressed within the ear epithelium, as discussed below.
Patterning the AP axis of the ear
Although genes expressed in dorsal parts of the inner ear are some of the earliest to be expressed in the otic placode, embryonic manipulations of the developing ear reveal that its AP axis becomes fixed first . The AP axis of the embryo, and that of the nervous system, is established early in development, and some of these axial signals are also used to impart AP identity to the developing ear. Below, we describe candidates for these diffusible signals, first for fish and amphibians, and then for amniotes (Fig. 4) .
A number of zebrafish mutants that affect the development of the hindbrain cause AP patterning defects in the developing ear but do not significantly affect the initial induction of the otic placode. For example, mutations in the zinc-finger transcription factor mafb gene cause a loss of rhombomeres 5 and 6 and an expansion of rhombomere 4 markers such as fgf3. These mutants have an expansion of anterior otic markers, whereas the fgf3 mutant limabsent (lia) displays a partial loss of anterior otic markers (Hammond and Whitfield, 2011; Kwak et al., 2002) . Exposure of zebrafish embryos to the FGF receptor inhibitor SU5402 after the formation of the otic placode causes a dramatic loss of anterior markers and duplication of posterior otocyst markers, leading to an inner ear with two mirror-image posterior domains (Hammond and Whitfield, 2011) . Conversely, heat-shock activation of fgf3 in embryos containing ten somites or more led to the opposite phenotype -a downregulation of posterior otic markers and an inner ear bearing two mirror-image anterior domains (Hammond and Whitfield, 2011) . Since the anterior regions of the zebrafish otocyst lie immediately adjacent to rhombomere 4, it is likely that Fgf3 and other FGF family members provide anterior patterning signals to the otocyst.
Posterior otic identity requires Hh signaling in zebrafish and Xenopus (Hammond et al., 2003; Waldman et al., 2007; Whitfield and Hammond, 2007) . First, reduction of Hh signaling in the zebrafish con tf18b or smu b481 mutant, or by injection of Patched mRNA, leads to a loss of posterior structures and partial mirrorimage duplications of anterior structures (Hammond et al., 2003) . Such mirror-image anterior duplications are also seen in Xenopus embryos overexpressing the Hh inhibitor Hhip (Waldman et al., 2007) . Second, strong activation of Hh signaling in zebrafish causes a loss of anterior character and partial mirror-image duplication of posterior structures (Hammond et al., 2003) . Together, these studies suggest a model in which high levels of FGF signaling specify anterior fate in the anamniote ear, whereas Hh signaling specifies posterior fates (Fig. 4) . Although FGF3 is a good candidate to induce anterior fates based on its localization, it is less clear how Hh signaling acts only on the posterior otocyst, as it is expressed in the notochord and the floor plate along the midline with no obvious AP difference in localization. One obvious possibility is that FGF signaling in the anterior region of the otocyst actively inhibits Hh signaling, restricting its influence to the posterior domain. However, Hh signaling, as revealed by Patched gene expression, still localizes to the ventromedial domain in the absence of FGF signaling; similarly, FGF signaling, as revealed by pea3 expression, remains localized to the anterior domain of the otocyst in the absence of Hh signaling (Hammond and Whitfield, 2011) . Loss of both FGF and Hh signaling in zebrafish leads to a grossly abnormal inner ear that lacks most sensory cells and exhibits vestigial semicircular canals, and to a loss of most markers of anterior and posterior identity (Hammond and Whitfield, 2011) . This suggests that neither signaling pathway is epistatic to the other, and that neither anterior nor posterior fate is a 'default' identity. However, these otocysts that are deficient in both FGF and Hh signaling do initially show a symmetric polarity -for example, at both poles of the otocyst they develop small otoliths (see Glossary, Box 1) and groups of ciliated tether cells, which are thought to be precocious sensory hair cells (Riley et al., 1997; Tanimoto et al., 2011 ) -but they never go on to manifest clear AP patterning.
The notion that the anamniote ear possesses an initially symmetric pre-pattern that then develops anterior and posterior identity is supported by several lines of evidence. First, the development of ciliated tether cells at either end of the zebrafish ear is prefigured by the symmetric expression of delta and atonal 1b at both poles (Haddon et al., 1998; Millimaki et al., 2007) . Second, the mirror-image or enantiomorphic inner ears that develop when either FGF or Hh signaling is disrupted in zebrafish and amphibians suggest that both halves of the early otocyst are equally competent to respond to either anteriorizing (FGF) or posteriorizing (Hh) signals, but they do so independently rather than forming a single large anteriorized or posteriorized ear (Hammond et al., 2003; Hammond and Whitfield, 2011; Waldman et al., 2007) . Finally, surgical manipulation of the amphibian ear, either by rotation of the otic vesicle or partial ablation of the otic placode, can sometimes result in mirror-image duplications of either anterior or posterior halves (Harrison, 1936; Waldman et al., 2007) . These results suggest the presence of organizing centers at either pole of the otocyst that might confer polarity to the developing components of the inner ear. Since some cells bearing primary cilia are known to act as signaling sources (Quinlan et al., 2008) , an attractive hypothesis is that the ciliated tether cells present at each pole of the otocyst help propagate polarity signals after the two halves of the ear receive FGF and Hh signals.
Unlike AP patterning in zebrafish, the AP patterning of the amniote inner ear does not appear to require signals from the hindbrain (Bok et al., 2005; Choo, 2007; Liang et al., 2010) . Instead, recent work suggests that signals present in the ectoderm surrounding the inner ear confer correct AP patterning information (Bok et al., 2011) . For example, 180° rotation of the otic cup along the AP axis in chick embryos, while leaving the other axes unchanged, typically results in normally patterned ears (Bok et al., 2007c) . However, inclusion of adjacent ectoderm in these rotation experiments led to a greatly increased incidence of AP reversals (Bok et al., 2011) . Retinoic acid (RA) is known to posteriorize the embryonic body axis, and the boundaries of expression of RAsynthesizing enzymes, such as retinaldehyde dehydrogenase 2 (Raldh2, or Aldh1a2), and of RA-degrading enzymes, such as 
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Subdivisions Subdivisions B E10.5 C E12 A E9.5 Fig. 3 . Dorsoventral axial patterning during inner ear development. (A)At E9.5, the mouse otocyst is positioned to receive secreted signals that originate asymmetrically from the adjacent hindbrain (hb) and notochord (nc). During otocyst development, gradients of sonic hedgehog (Shh) target genes are observed along the DV axis (gray shading). A working model is shown in which the otic epithelium experiences opposing gradients of Gli activators (high ventrally) and the Gli3 repressor (high dorsally) to establish positional information across the entire DV axis. Wnt signaling is also a major contributor to the patterning of dorsal inner ear structures. BMPs are also present but have not yet been shown to have a role in DV axis specification of the inner ear. (B,C)Between E10.5 and E12, the mouse otocyst enlarges and becomes progressively segregated along the DV axis into chambers and canals. Transcription factor expression domains mark dorsal versus ventral territories at E9.5-10.5. However, prior to overt morphogenesis, the lack of markers for a transitional domain (the vestibule) or for the saccular (sac) and utricular (utr) chambers, means that the diagrammatic representation of the sequential subdivision of these regions is speculative. Note that the 3-fold expansion in the size of the inner ear during these stages is not illustrated. cd, cochlear duct; ed, endolymphatic duct; lp, lateral canal plate; vp, vertical canal plate. REVIEW Development 139 (2) Cyp26c1, appear to coincide with the axial level of the developing inner ear. This led Wu and colleagues to examine the role of RA in AP patterning of the chick and mouse ear (Bok et al., 2011) . They identified a developmental period after otic placode induction during which the otocyst received RA signals, first throughout the ear and then only in its posterior half. This time period was particularly sensitive to manipulation of RA levels, as treatment with RA caused an expansion of posterior character in both mouse and chick otocysts, and pharmacological inhibition of RA production generated ears with expanded anterior character. Interestingly, manipulation of retinoid signaling led to similar mirror-image duplications of inner ear structures and regional markers to those seen in zebrafish after manipulation of FGF or Shh signaling, with twinned posterior ears developing after RA treatment (Bok et al., 2011) .
How can we reconcile the seemingly disparate AP patterning mechanisms in frogs and fish with those in amniotes? Two issues need to be resolved: first, that Hh signaling appears to specify DV fates in amniotes but in fish and amphibians it appears to play a much more significant role in AP patterning (Bok et al., 2007b; Whitfield and Hammond, 2007) ; and second that RA signaling, rather than Hh signaling, appears to specify AP identity in amniotes. As discussed above, recent evidence suggests that repression or reduction of Hh signaling in fish is necessary for correct dorsal differentiation of the inner ear (Hammond et al., 2010) , suggesting that at least some aspects of DV patterning in fish require appropriate regulation of Hh signals. RA has recently been shown to regulate posterior markers of the otocyst in fish, including Tbx1 and Her9, and to repress anterior markers in a similar manner to that seen in amniotes (Radosevic et al., 2011) .
However, although manipulation of retinoid signaling in fish can alter AP patterning, it does not appear to result in mirror-image duplications, suggesting that RA signals might operate independently of signals that specify polarity in the two halves of the zebrafish ear. RA and Hh signaling have been shown to interact in a variety of developmental systems (Bertrand and Dahmane, 2006) , and in many instances RA is necessary for Hh signaling to occur (Niederreither and Dolle, 2008) . It can achieve this by direct transcriptional regulation of the Shh gene, by direct transcriptional regulation of Shh effectors such as Gli2, or by RA receptors regulating target genes in concert with Shh effectors by occupying adjacent binding sites on target enhancers (Ribes et al., 2009; Ribes et al., 2008; Ribes et al., 2006) . However, at present it is unclear whether any of these mechanisms operates during the patterning of the developing otocyst.
Another way to reconcile the patterning differences observed across taxa is to examine the functional and evolutionary relationships between sensory organs of the ear in different vertebrate groups. In fish, two sensory regions of the ear, the saccule and the lagena, arise from the ventral region of the ear and extend posteriorly from the rest of the vestibular apparatus (Popper and Fay, 1999) . Both the saccule and lagena can serve a rudimentary auditory function in fish, and it has been proposed that a true auditory organ, the basilar papilla, arose as an elaboration from the posterior region of the saccule or lagenar recess (Fritzsch, 2003; Fritzsch et al., 2011; Smotherman and Narins, 2004) . Thus, the amniote cochlea might have arisen from a posterior sensory region, but later developed as a ventral extension of the otocyst. Although this idea is attractive, it is not congruent with recent data from chick showing that RA . This gradient arises because of asymmetry in the synthesis and degradation of RA by enzymes (Raldh2 and Cyp26c1) present in the somatic mesoderm and anterior ectoderm, respectively. There are no lineage data to suggest that the otic field becomes fully subdivided into anterior and posterior halves, as shown schematically by the yellow and black bars for both fish/frog and chicken/mouse. However, the observation of mirror-image symmetry along this axis in mutants or following experimental manipulations supports the idea that there are two distinct compartments.
treatment creates a mirror-image duplicated ear with two posterior halves that either contain no cochlea at all or a rudimentary cochlear duct with no sensory tissue (Bok et al., 2011) . At present, we have no truly specific early markers of the cochlea in amniotes and so we do not yet know exactly where the cochlear anlage originates, nor if such markers are also present in the posterior regions of the fish otocyst.
Establishing gradients and boundaries in the developing cochlea
The auditory sensory epithelium (the papilla or the organ of Corti) and the fluid-filled cochlea in which it is housed are both long and narrow in lizards, birds and mammals. The organs rest on the basilar membrane (see Glossary, Box 1), which is ~25 mm long in humans and extends to over 60 mm in elephants and whales (Parks et al., 2007; Ulehlova et al., 1987; West, 1985) . By contrast, the width of the sensory epithelium is narrow, ranging from only ~0.1-0.3 mm in mammals and birds (Gleich et al., 2004; Wever et al., 1971) . The dimensions of the orthogonal axes of the cochlea thus place specific temporal demands on molecular diffusion as a patterning mechanism owing to theoretical limits on the size of effective morphogen gradients (see Box 2). For example, if a point source of a diffusible morphogen forms a gradient that mediates positional information along the cochlea then it probably acts very early, when the duct is well below 1 mm in length. By contrast, the radial dimensions of vertebrate cochleae are appropriately sized to make use of diffusion-based gradients for a more extended period of their developmental history. Below, we discuss how the cochlea becomes patterned during inner ear development, focusing first on patterning along its longitudinal axis.
In adults, the longitudinal axis has significant physiological relevance: frequency selectivity in the cochlea is systematically arrayed from low (basal) to high (apical). Just prior to cochlear duct outgrowth (E11 in the mouse), it is the DV axis that corresponds to the future basal-apical longitudinal axis (compare Fig. 3B with 3C ). At this time, the expression of both Ptc1 and Gli1 is graded from ventral (stronger) to dorsal (weaker) (Bok et al., 2007c) . Thus, Shh signaling could impart longitudinal positional information to the progenitors of the cochlear duct many days before any overt morphological manifestations of this specification are apparent. As a result, it has been suggested that early gradients of longitudinal positional information are likely to be crude and become refined over time by more local cell-cell interactions (Mann and Kelley, 2011) . This hypothesis remains to be tested.
Although longitudinal positional information is manifested as anatomical gradients in the hearing organs of birds and mammals, this is not always true among lizards. Striking evolutionary divergence among lizard basilar papillae has given rise to abrupt anatomical partitions along the longitudinal axis, the radial axis, or both (Manley, 2004) . Sharp versus gradual variations in patterns are likely to utilize different mechanisms for interpreting morphogen gradients (see Box 2). With the exception of Shh, as evidenced by gradients of downstream Gli activator activity, no other morphogens have yet emerged as candidates to mediate the acquisition of positional information along the longitudinal axis.
Both gradual and abrupt morphological patterns are observed across the radial axis (the width) of the cochlear chamber in different vertebrate groups. The sharp transitions from nonsensory flanks to hair-cell-bearing sensory organs arise gradually during development. Within the sensory compartment, radial transitions between cell types can be either gradual (such as in the bird basilar papilla) or abrupt (such as in the mammalian organ of Corti, with its distinctive tunnel flanked by rows of hair cells). As discussed above, both types of pattern could be mediated through diffusible morphogens. In fact, a number of different morphogen family members make an appearance in the developing mouse cochlea as the distinct radial domains and cell rows emerge (Fig. 5) .
At E11.5, when a transverse section through the cochlear duct shows a flattened tube with a thickened medial wall that will become the sensory side, Sox2 is uniformly expressed in the medial wall of the duct under the influence of Notch signaling (Dabdoub et al., 2008) . Sox2 marks a sensory-competent region (Kiernan et al., 2005) and we can borrow nomenclature used in the chicken to orient its radial dimension: the anterior edge is close to the forming cochleovestibular ganglion and is defined as the neural side, whereas the opposite, posterior edge, is defined as the abneural side. Already, asymmetric gene expression is observed, with a narrow strip of Bmp4 abneurally and a gradient of Fgf10 that peaks at the neural edge (Ohyama et al., 2010) . Over the next few days, the Bmp4 domain expands and will become the outer sulcus (see Glossary, Box 1) (Morsli et al., 1998) , while the Fgf10 domain sharpens, is confined to Kölliker's organ (see Glossary, Box 1), and will subsequently become the greater epithelial ridge. The region sandwiched in the middle will exit the cell cycle before the rest of the cochlear tissue to form the organ of Corti proper (Lee et al., 2006) , which is composed of a single row of inner hair cells, a pair of pillar cells and three rows of outer hair cells that are nurtured by Sox2-expressing supporting cells. As we discuss below and as summarized in Fig. 5 , recent studies have shown that transcripts for members of the BMP, Shh, FGF and Wnt signaling families show regional expression during key stages of subdivision and cell fate specification in the mammalian cochlea.
BMP4 and subdivision boundaries
The asymmetry in Bmp4 transcript expression within the early cochlear duct presents an opportunity for the secreted ligand to function as a morphogen. Genetic reduction of the copy number of two BMP receptors, or treatment of organ cultures with BMP activators or inhibitors, offers insight into the responsiveness of cochlear progenitors to variations in BMP signaling (Ohyama et al., 2010) . Culturing E11.5 mouse cochlear explants in high concentrations of BMP4 (50 ng/ml) induces genes that mark outer sulcus fate, whereas low or no BMP signaling induces markers of Kölliker's organ. Notably, intermediate levels of BMP4 (10 ng/ml) can increase hair cell numbers. Phosphorylated Smad proteins, which are transducers of BMP signaling, show a graded pattern (high abneurally) across the abneural half of the cochlea by E13.5. Together, these data support a model in which progenitors require exposure to a moderate threshold concentration of BMP4 to acquire a prosensory fate and to a higher threshold BMP4 concentration to acquire an outer sulcus fate. If so, this would indicate that BMP4 indeed functions as a morphogen in this context. Although it is desirable to test this idea by direct removal of Bmp4 in intact animals, ubiquitously doing so causes embryonic lethality, and, unfortunately, the Foxg1 cre driver commonly used to restrict conditional gene deletion to otocyst derivatives fails to prevent Bmp4 transcription in the cochlea (Chang et al., 2008) . However, conditional deletion of Bmp4 in the vestibular domains of the inner ear revealed an important role in patterning both sensory and nonsensory regions of the crista ampullaris, a vestibular sensory organ (Chang et al., 2008) . Thus, the jury is still out as to whether BMP4 acts to specify the prosensory domain in the cochlea, either alone or in combination with other factors.
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How long can BMP4 exert its effect on regionalization of the cochlea? Hair cell numbers are modestly increased when the E12.5 cochlea is cultured for 6 days in the presence of intermediate concentrations of BMP4 (20 ng/ml) (Liu et al., 2011) . Treatment of E15.5 cochlear cultures with beads soaked in a high concentration of BMP4 (40 g/ml) locally doubles the number of outer hair cell rows, whereas treatment with noggin (Nog), a secreted BMP antagonist, represses outer hair cell differentiation (Puligilla et al., 2007) , a finding suggestive of ongoing plasticity in the precise placement of the sensory/outer sulcus border. Specifically, additional outer hair cells could be explained by sliding the boundary abneurally. However, this result is counterintuitive if a high threshold of BMP4 is responsible for setting the boundary, as proposed above. Complicating the interpretation is the appearance of Nog transcripts in the outer sulcus domain by E15.5 (Bok et al., 2007a; Hwang et al., 2010) , together with crossveinless 2 (or BMP-binding endothelial regulator, Bmper), which can either enhance or attenuate BMP signaling (Ambrosio et al., 2008; Serpe et al., 2008; Zhang et al., 2008) . BMP4 also positively regulates its own transcription in the cochlea (Ohyama et al., 2010) . Because Nog should repress BMP4 efficacy or its realm of activity, Nog removal offers an alternative approach to examine BMP gain-of-function effects. Mutant mice with conditional deletion of Nog (Nog -/-) have additional rows of both inner and outer hair cells (Hwang et al., 2010) , again suggesting that the prosensory domain might be enlarged when BMP signaling is enhanced. Alternatively, extra rows can be a consequence of reduced convergence extension (Wang et al., 2005) , and, indeed, the Nog -/-cochlea is 30% shorter than normal.
Importantly, the number of inner and outer hair cells is decreased by 11% and 24%, respectively, in Nog -/-mice (Hwang et al., 2010) , which implies the formation of a smaller prosensory domain. A reduced ratio of outer hair cells to inner hair cells further suggests that excessive BMP activity might have a greater impact on positioning the outer sulcus border than the Kölliker's organ border. Two possibilities are that the Nog gradient does not reach the border with Kölliker's organ, or that this border is already fixed when Nog is first expressed. In summary, the diffusion gradients of both BMP4 and its inhibitors may combine to fix the outer sulcus border, but it remains plastic at least until E15.5. Kölliker's organ (gray) on the neural side and the outer sulcus (black) on the abneural side. Genes for several morphogens and signaling molecules, including FGFs, Wnts and BMPs, are expressed in discrete territories within the epithelium (intrinsic sources), from which they could diffuse to form gradients to mediate positional information in adjacent cells. Other signals, such as Shh, arise from nearby tissues (extrinsic sources). The cochleovestibular ganglion (CVG), for example, is an extrinsic source of Shh, which is presumed to diffuse into the epithelium to repress sensory differentiation of Kölliker's organ. The CVG will separate into a vestibular ganglion (not shown) and the spiral ganglion (SpG) of the cochlea. Shh expression is transient and is not present in the SpG on E18.5. Predicted gradients for these intrinsic and extrinsic signals are shown for the mid-base, reflecting a longitudinal location about one-quarter of the distance to the tip of the cochlea.
Shh and subdivision boundaries
On E13.5, an extrinsic source of Shh arises in the cochleovestibular ganglion, which lies just beneath the neural domain. In cultured cochleae, excess Shh reduces hair cell numbers and obviously disrupts patterning within the sensory zone and along its edges, if treatment begins before E15.5. Moreover, decreasing Shh signaling (with Gli3-truncating mutations) mildly expands the Sox2 prosensory domain at E13 (Driver et al., 2008) . Whether the prosensory domain is influenced by a spatial gradient of Shh signaling that is stronger on the neural half, as shown schematically in Fig. 5, is not yet confirmed. Curiously, Gli3 mutation or treatment with Shh inhibitors yields ectopic (vestibular-type) sensory patches within Kölliker's organ, which nonetheless continues to be recognizable as a separate domain. This latter observation argues that Shh is not solely responsible for setting the boundary between Kölliker's organ and the prosensory domain. Validation of this conclusion will require analysis of mice with a conditional knockout of Shh in the ganglion, in contrast to the complete knockdown approaches currently reported.
FGFs and subdivision boundaries
The early and asymmetric expression of Fgf10 on the neural side places it in the correct position to contribute to formation of the neural boundary of the prosensory domain (Fig. 5) . Furthermore, abrogation of FGF signaling yields undulating borders between the sensory domain and its nonsensory flanks, as demonstrated in the Fgfr1 knockout (Pirvola et al., 2002) . However, FGF10 appears to be dispensable because Fgf10 knockout mice show unblemished cellular patterning in the cochlea (Pauley et al., 2003) .
Recently, FGF20 has emerged as another ligand available to interact with FGFR1 in the developing cochlea (Hayashi et al., 2008) . Unlike Fgf10 localization, Fgf20 mRNA is confined to the emerging prosensory domain from its earliest appearance on E13.5 (Hayashi et al., 2010) , perhaps in response to lower concentrations of flanking morphogens (Fig. 5) . In this central location, FGF20 could positively promote prosensory identity. This was suggested by treatment of cochlear explants with FGF20 function-blocking antibodies, which mimics the Fgfr1 knockout, although significant numbers of inner hair cells and pillar cells are able to differentiate under these conditions (Hayashi et al., 2008) . These data are also consistent with a model in which FGF20 normally acts in opposition to the prosensory repressors on its flanks to regulate the width of the prosensory domain. In this context, it will be interesting to see whether there are spatial changes across the cochlea in BMP or Shh activities (as shown by appropriate activity reporters, for example) in Fgf20 or Fgfr1 knockout mice.
Wnts and subdivision boundaries
Wnt signaling has been implicated in regulating sensory organ size in the cochlea. Enhanced canonical Wnt signaling in the chicken cochlea generates enlarged sensory organs and the profound overproduction of hair cells (Stevens et al., 2003) . However, this phenotype might result from overproliferation within a predetermined prosensory domain, rather than from a change in the position of the sensory/nonsensory boundaries. On the other hand, ectopic (vestibular) hair cells can be induced beyond the neural edge of the sensory domain by viral transduction of activated -catenin, revealing a cell-autonomous response that might implicate Wnt signaling as instructive for sensory fate. A reporter mouse line (Lgr5
EGFP/+
) reveals upregulation of a Wnt target gene, leucine rich repeat containing G protein coupled receptor 5 (Lgr5), in Kölliker's organ at E15.5 in the apex (Chai et al., 2011) . Development of the apex is delayed by ~2 days relative to the mid-base (which is used as a reference point for Fig. 5) . Thus, the reporter line is expected to show Wnt signaling in Kölliker's organ in the mid-base by E13.5. This overlaps with the expression domain of Wnt5a, while Wnt7a transcripts extend further into the prosensory domain (Dabdoub et al., 2003; Qian et al., 2007) . At the same time, the Wnt inhibitor frizzled-related protein (Frzb) is expressed in the future outer sulcus domain (Qian et al., 2007) and might serve to steepen a Wnt activity gradient across the radial axis of the cochlea. Wnt7a transcripts are confined to the pillar cells by E16 and thus may be responsible for a concomitant shift of Wnt reporter activity to the prosensory domain (Chai et al., 2011; Dabdoub et al., 2003) . To date, there is no direct evidence that a Wnt gradient helps to establish or maintain the boundaries of the prosensory domain. Instead, current evidence supports a later role for Wnt5a, Wnt7a and Frzb in the orientation of hair cell stereociliary bundles (Dabdoub et al., 2003; Dabdoub and Kelley, 2005; Qian et al., 2007) .
FGFs and BMPs in cell fate specification in the organ of Corti
On E13.5, as soon as the prosensory domain becomes postmitotic, a row of inner hair cells can be identified by molecular markers (Chen et al., 2002; Montcouquiol and Kelley, 2003) . Two days later, Fgf8 is upregulated in these inner hair cells (Hayashi et al., 2007) . FGF8 acts through the FGFR3 receptor to promote maturation of adjacent pillar cells at the expense of outer hair cell fates (Colvin et al., 1996; Jacques et al., 2007; Mueller et al., 2002; Puligilla et al., 2007; Shim et al., 2005) . The repression of outer hair cell fate by FGF is antagonized by BMP signaling (Puligilla et al., 2007) , thus revealing that opposing sources of secreted ligands can act in concert to regulate the fate of cells lying between them. Finally, FGF20 plays a permissive role in the differentiation of both outer hair cells and their associated supporting cells, as initially indicated by FGF20 function-blocking antibodies (Hayashi et al., 2008) . Some of these alterations in cell fate induced by treatments with secreted factors or their inhibitors can also be explored for evidence of shifts in the boundaries between subdivisions or cell types, as discussed above.
Conclusions
A puzzling feature common to developmental systems is how a small number of signaling pathways can be used iteratively in different contexts within a tissue to provide patterning information, and the ear is no exception. For example, FGF signaling is first used to induce the otic placode, later to regulate the outgrowth of semicircular canals, and later still to regulate the appearance of specific cell types in the organ of Corti. The temporal separation of these events and the changes in the transcriptional and epigenetic states of inner ear cells that are likely to occur as development proceeds allow similar sets of signals to be interpreted in different ways. The use of intracellular inhibitory feedback, such as the upregulation of Sprouty genes and pathway-specific phosphatases in response to FGF signaling (Mahoney Rogers et al., 2011; Urness et al., 2008) , also allows cells to rapidly cease responding to particular signals in preparation for their next developmental choice. Physical growth and morphogenesis also allow the creation of distinct subdivisions within the inner ear that can develop independently from one another or interact only at precise physical positions (Fekete and Wu, 2002) . As a result, inducing signals that act across a similarly small number of cell diameters can regulate
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Another issue arising when considering signaling gradients is the problem of robustness -how a diffusible signal is able to produce predictable outcomes from embryo to embryo despite unpredictable fluctuations in conditions such as temperature, genetic polymorphisms or gene dosage. Many strategies to ensure reproducibility of developmental outcomes have been proposed (Lander, 2007) , and some are observed in the ear. These include the induction of positive-and negative-feedback signals to reinforce boundaries (such as the action of Notch and Sprouty genes in placode induction), the generation of opposing gradients of signals (such as Shh and Wnts in the DV axis of the otocyst), or the separation of signal-producing and signal-degrading centers across a patterning region (as in the case of RA in AP patterning of the amniote otocyst). However, other features of signaling gradients in the ear remain poorly understood. For example, the expression of BMP4 on the abneural side of the cochlear duct is accompanied by the expression of at least two secreted antagonists of BMP4, Nog and crossveinless 2. It is not clear how the presence of these inhibitors, together with the known ability of BMP4 to positively regulate its own transcription, leads to the formation of a stable gradient of BMP signaling across the cochlear duct. Both Wnt ligands and their Frzb antagonists are also expressed in the cochlear duct, as are a series of FGF family members and Sprouty antagonists. An additional level of complexity is added with the realization that different signaling pathways are likely to interact not only at the level of intracellular cross-talk, but also in the reciprocal regulation of their receptors, secreted inhibitors and signal degradation mechanisms.
It will also be interesting to determine how patterning signals in the ear are coordinated with organ growth. For example, the otocyst increases dramatically in size in amniotes during the period in which the DV and AP axes of the ear are being established. In the case of the cochlea, the prosensory cells that will generate the organ of Corti exit the cell cycle well before other cells in the cochlear duct, and therefore patterning across this region occurs in the absence of cell division (Lee et al., 2006) . However, cells of the prosensory domain undergo significant radial intercalation as the cochlear duct elongates, changing from an epithelium that is five to ten cells thick to one that is one to two cells thick over a period of several days. Signaling gradients regulating cell fate choices must therefore be integrated with simultaneous changes in cell shape and position.
It should be stressed that, in the ear, much of the evidence for signaling gradients determining cell fate in a dose-dependent fashion is largely circumstantial. The existence of dose-dependent responses to secreted signals has been demonstrated in other tissues by exposing tissue uniformly to different doses of signals, or by perturbing the responses to signaling gradients in a cellautonomous fashion. For example, if the cochlear duct is truly responding to different levels of BMP signaling in a dosedependent fashion, one might predict that creating patches of cells within Kölliker's organ that express a constitutively active BMPR1A receptor would lead to the upregulation of outer sulcus markers in these cells but nowhere else.
In summary, the emergence of otic identity and axial asymmetry of the inner ear is mediated by extrinsic inducers that form molecular gradients across the target field. By showcasing how secreted molecules may contribute to the sequential subdivision of the mammalian cochlear epithelium across its radial dimension, we offer a glimpse into a patterning strategy that might be applied elsewhere in the inner ear to fine-tune structural variations at the tissue and cellular levels. Future discoveries should soon be forthcoming to refine the details of how morphogens act, and interact, to establish positional information and mediate cell fates in the vertebrate labyrinth.
Note added in proof
The cochlear phenotype of the Fgf20 knockout mouse (Huh et al., 2011) bears a striking resemblance to that of the Fgfr1 knockout (Hayashi et al., 2008) , with the organ of Corti dispersed into a series of isolated clusters of hair cells at E13.5-19.5. Moreover, Sox2-positive cells are present in the gaps between the sensory islands, and these cells are confirmed as prosensory because they can be pushed through the differentiation process by exogenous application of FGF9, a member of the FGF20 subfamily, if treatment starts at E13.5-14.5. However, normal numbers of outer hair cells and Prox1-positive supporting cells are not fully restored. This suggests that although a continuous prosensory domain is established in the absence of Fgf20, the pool of sensory progenitors is reduced by 30-50%. In other words, the prosensory domain is presumably compressed across the radial axis. This is consistent with a role for FGF20 in setting the width of the prosensory domain through an interaction with Fgfr1.
